Cell walls define a cell shape in bacteria. They are rigid enough to resist large internal pressures, but also surprisingly plastic to grow under a wide range of external forces and geometric constraints. arXiv:1305.5843v1 [cond-mat.soft]
I. INTRODUCTION
When deformed weakly, a metal rod fully recovers its initial conformation -the deformation is reversible. Theory of linear elasticity explains deformation of materials in this regime, which has been understood since the pioneering works of Euler, Bernoulli and others. The nature of the plastic (irreversible) deformations of metals was elucidated much later: only in the 1930s, Taylor showed that plasticity can be explained by the dynamics of dislocations, topological defects in crystals whose mobility determines many of the material's mechanical properties 1 . Further work established the mechanical forces acting on dislocations as a result of material stress, as well as their long-ranged interactions 2 .
Biological systems exhibit a unique element rarely found in condensed matter physics, growth, leading to novel phenomena 3 . Growth can couple to mechanical forces, with examples ranging from actin networks that determine the shape of eucaryotic cells 4 , through collective behavior in tissues 5 and cell differentiation 6 , to plant and bacterial cells [7] [8] [9] .
Of fundamental interest as well as practical importance is understanding the growth and structure of bacterial cell walls. These define a cell morphology and hold the large internal (turgor) pressure; indeed, many antibiotics target cell walls to efficiently hamper cell growth. At the molecular level, recent experiments have revealed that both grampositive 10,11 and gram-negative 12 bacteria add new cell-wall material via the insertion and extension of peptidoglycan circumferential strands; protein-complexes act as a sewingneedle and "stitch" the cell wall, inserting material along the bacterium's circumference.
A typical cell has dozens of these activating protein complexes distributed uniformly along the cylindrical cell wall (except for the poles), moving simultaneously and independently to extend glycan strands in both clockwise and counter-clockwise directions.
further details. This allowed us to apply controlled forces to individual growing cells non-invasively, while monitoring the response of the cells with real-time imaging ( Figures   2-3 ). The force which we achieve in this setup far exceeds that attainable with AFM and other tweezers. Also, our technique provides much more control of the applied forces in comparison, for example, with cells confined to microfluidic chambers of fixed or deformable shape. As we show below, we were able to not only reproduce the key previous experimental results mentioned above in a single experiment, but also probe how mechanical stresses on the cell wall are coupled to its growth. Our data is in quantitative agreement with the theoretical predictions of a recently introduced model predicting a strong coupling between cell-wall synthesis and the mechanical stresses on the cell wall 8 .
II. RESULTS
Reversible and repeatable deformation of growing E. coli cells by short pulses of external force
In the absence of external forces (i.e., no flow), the cells elongated without any apparent bending, with the normal elongation rate. We applied short pulses of hydrodynamic force to the long straight, growing cells. These pulses lasted a few seconds, an insignificant fraction of the inverse growth rate. As shown in Figure 2 and in Supplementary Movie S1, the cell bent transiently and fully recovered its shape immediately after the external force is removed. Furthermore, the degree of bending (i.e., the magnitude of the traverse deflection of the tip of the bacterium) was consistent with the theoretically expected elastic bending. According to elasticity theory the shape of a cell deformed by a constant force per unit length f is given by: δ(y) = f y 2 (y 2 − 4ly + 6l 2 ) 24Y I + a(l)y,
where Y I is the flexural rigidity and the function a(l) is determined by a balance of torques and forces in the microchannel, see the Supplementary Information for further details. While elastic deformations of cell walls have been studied before, this is the first time where cells are deformed by the viscous drag exerted by fluid flow, which is a highly controllable and versatile system.
Thus, the horizontal deformation of the tip δ(l) is approximately proportional to l 4 , where l is the length of the cell exposed to the force. Based on the data in Figure 2b , we were able to calculate the stiffness of the E. coli cells, and extract a flexural rigidity of shape is superimposed on one of the theoretical curves. Note the diverging radius-of-curvature at the end of the deformed cell. In spite of the seemingly large deflections, the associated mechanical strains are in fact small, and thus using linear elasticity is justified.
4−6·10
−20 N ·m 2 . This result is similar to that obtained by very different methods such as AFM 4 and recent work in which the cells were transiently deformed by optical traps 7 . It should be pointed out that even though the perpendicular deflections are significant, the local strains and stresses are in fact small. Thus, it is justified to assume that we are in the regime of linear, reversible, elasticity, due to the large aspect ratio of the filamentous bacteria, whose length l is much larger than their radius r, implying that the deflections are enhanced by a factor of l/r. See the Supplementary Information for further details of the experimental results and analysis.
Irreversible plastic deformation of E. coli cells growing in a constant force
We repeated our experiments in the presence of a constant flow in the mother machine. As seen in Figure 3 and the Supplementary Movie S2, the elongating cells always grew into a curved shape, as if grown in a curved chamber. From this observation it is not possible to conclude whether the deformations of the cell are elastic or plastic in nature. To settle this point, we looked at the response of the cell when a long-duration external force is abruptly switched off. This experiment is useful in discriminating between three possible scenarios: (1) If cell walls always behave as elastic materials, the cell will return to its straight rod-shape reversibly as seen in Figure 2 . (2) If the deformations are fully plastic, the curved cell will not change its shape immediately after the flow is turned off. (3) The dislocation-mediated cell-wall synthesis model 8 predicts that the growing cells in our experiments bend because, first, the force mechanically bends the cell and, second, the force is transduced via the Peach-Koehler effect 2,23 to the speed and nucleation rate of peptidoglycan synthesis. This model predicts that, as we stop the flow, the bending caused by mechanical force is removed immediately and, thus, the cell should partially snap back. As we explain below, for both E. coli and B. subtilis, these elastic and plastic effects are comparable in magnitude. As Figure 3 and Supplementary Movie S2 clearly show, the cell immediately, but only partially, snaps back upon removal of the external force. In Section II 5, we outline the theoretical framework that explains this surprising result.
Finally, Figure 3c shows that in spite of the strong bending the length of a single bacterium (as extracted by an image processing algorithm described in the Supplementary Information) still grows exponentially in time; As discussed in section II 1, large angular deflections obtained in our experiment do not imply large mechanical strains, and the strains are actually smaller by a factor scaling as the aspect ratio of the bacteria. The rate of the exponential growth is precisely the physiological one, and the point of "snapback" cannot even be seen on the growth curve. Thus, the bent cell is locally found very close to its physiological conditions, making our experimental setup ideal to test the coupling of mechanical stresses and growth in a sensitive way yet without taking the cells too far out of the biologically relevant conditions. This result also serves as proof that the cells are well nourished during the experiment, and that the effects of phototoxicity have little effect on the cell's physiology.
Straightening of deformed cells
After the striking partial snap back shown in Figure 3A (mid panel), the cell gradually straightened while growing continuously (right panel up to t = 27.5 mins). Upon preventing the bacterium from growing after the straightening (by depriving them of nutrients) the cell stays deformed over the course of hours, ruling out the a-priori possible role of viscoelasticity in the straightening process. This straightening is in sharp contrast to the results of Ref. [24] , where curved, arc-shaped cells taken out of microfluidic channels do not seem to straighten as they grow, but rather, maintain a self-similar shape with a slowly decreasing radius-of-curvature as they become larger. In fact, the latter is precisely what is expected from circumferential insertions with long processivity 20,25 :
circumferential insertions would "dilute" the assymtery due to differential growth and thus lower the curvature, yet since the cell grows longer the shape can be shown to be self-similar. Taking into account a finite processivity of insertions would make the decay of the curvature slower 10 . Therefore, if processive insertions alone are responsible for straightening, during continued growth the tip should move towards the bending direction (→). In contrast, the cells after the partial snap back, however, actually move towards (←) the channel the bent cell is embedded in (Figure 3B ).
The combination of turgor pressure and the differential growth can lead to residual stresses in the cell wall, which remain even after the flow is turned off, and are in general non-uniform. Their distribution on the cell wall, however, can be shown not to contribute to the straightening 9 . Therefore, to our understanding our experimental results suggest the possibility of an active straightening mechanism, that may involve, for example, preferential growth in regimes of negative curvature 27, 28 . Further experiments and theoretical modelling are needed in order to elucidate this point.
Results for cells grown under different conditions
In most of the experiments we chose to work with LB broth at 30 o C, due to the superior fluorescence signal compared to 37 0 C. We repeated the experiments at temperatures of 26 − 37 0 C and did not see any noticeable differences, other than a change in growth rate. We also repeated the experiments with minimal and synthetic rich media We use the slope of the line connecting the cell's tip to the base of the microchannel, tan(φ), to quantify the magnitude of the snapback. Since the local curvature is proportional to the local growth asymmetry on the upstream and downstream sides of the cell (see equation(4) below), this slope is a good measure for the integrated differential growth.
The theoretical predictions of the dislocation-mediated growth, details of which will be discussed in section II 5, predicts that the partial snapback angle is theoretically expected to be proportional to the initial bending angle for small deflections -regardless of the point in time where the snapback event occurs. The constant of proportionality would be one for purely plastic deformations, but is theoretically expected to be smaller than one (but of order unity). Figure 4 shows the experimental data of snapback events of 19 cells, quantified in this form, grown in various conditions. Despite the different conditions, there is relatively small variability, and the angle the bacterium's tip snaps back when switching off the flow is completely determined by the bending angle before the snapback. We find that the data agrees well with a linear dependence with slope ∼ 1/2.
Throughout the experiments, there were cell-to-cell variations in the bending rates, which was of the order of 30 − 50 percents. This suggests that the variability of elastic constants between different cells in our experiment might be smaller than what was found in earlier studies 7 .
Theoretical framework for coupling force-transduction to cell-wall growth
Recently, some of us have exploited the observation that processive motion of cell-wall synthesis 10-12 may be viewed as the motion of dislocation defects (strand extension centers 29 )
in the meshwork of peptidoglycan in the bacterial cell wall 8, 30, 31 . Processive circumferential insertions resemble the climb of edge dislocations in a two-dimensional crystal 2 , and thus one can utilize the theory of dislocations, well developed in materials science.
Within this theoretical framework, the forces on the elongation machinery are given by the Peach-Koehler force 23 acting on dislocations: where ijz is the Levi-Civita tensor, σ jk is the stress tensor and b the Burgers vector characterizing the dislocation, predominantly along theŷ axis for the case of interest to us here. For our experiment, the theory predicts that the σ yy component of the stress tensor is the one which couples to the circumferential growth (where y is the coordinate along the axis of symmetry of the cylindrical cell). Under the simplifying assumption of constant mobility of the dislocations, the speed of motion is proportional to the local stress acting on the dislocation defects.
As the cell grows in the presence of a constant flow, a cell wall of thickness h, length l and radius r experiences a mechanical stress that depending on its position in the cell ( Figure 5a ):
where θ is the angle around the circumference (measured relative to a direction perpendicular to the average flow direction and to the direction of the microchannel, see Figure 1 ), f the force per unit length induced by the flow, y the position along the cylinder's axis and σ yy the mechanical stress induced by the flow. The surface directly facing the incoming flow feels a tensile stress (surface-stretching force), whereas the other side feels a compressive stress (which acts to shorten the distance between adjacent glycan strands). From equation (2) we expect that the tensile stress acting on the glycan-strand insertion sites increases the speed of the circumferential processive motion, whereas the compressive tensile reduces it ( Figure 5a ). In addition, the tensile stress lowers the energetic barrier for the insertion of new glycan strands ( Figure 5b ). Conversely, it is more difficult to insert material on the opposite side due to compressive stress. Accordingly, the cell walls grow differentially.
This differential growth leads to a dynamically deformed cell shape. Due to the large aspect ratio of the filamentous bacteria in our experiments, a relatively small asymmetry in growth leads to a large angular deflection, as shown in the Supplementary Information.
We find that the angular deflection due to differential growth in a small segment of the cell is given by:
where ∆l ≡ (dl 1 − dl 2 ) is the net difference on opposite sides of the cell wall due to the asymmetric growth. Therefore, for a small segment of length l the relative asymmetry ∆l/l is "amplified" by the aspect ratio l/2r. This amplification of differential growth often appears in nature, in a diverse range of systems such as the mechanics of plants and of the human gut 4,32 .
In the Supplementary Information, we analyze the resulting deformations quantitatively, and describe numerical simulations that include this coupling of mechanical stresses and growth. Theoretically, we find that the relative magnitude of the elastic effect versus the plastic one is controlled by the dimensionless parameter:
where p is the turgor pressure and Y the peptidoglycan's Young's modulus. Since the external mechanical stresses are "competing" with the pre-existing mechanical stress due to the turgor pressure, for high turgor pressure they would have a relatively small effect on the processive motions, and thus for large values of χ the elastic effect would dominate.
Using the experimentally determined values for these we find that for E. coli χ ≈ 0.2−0.5, suggesting that the elastic and plastic effects should be comparable, in agreement to the results of the bending experiment. In the Supplementary Information, we show that for small deformations the deflection associated with the (plastic) differential growth scales as l 4 , similar to that of the elastic effect. Hence, for small deformations the snapback angle is approximately proportional to the initial angle, but not equal to it as would be the case for deformations of a purely elastic origin, as shown in Figure 4 . Our theory enables us to quantitatively account for this partial snapback. In the Supplementary Information we show that the cell curvature can be decomposed into two contributions, one from the elastic bending and the other from the differential growth. While the elastic contribution sets in rapidly, the one due to the differential growth is gradually accumulated over time. 
III. DISCUSSION
We have shown that bacterial cell walls can be deformed plastically due to differential growth when forces are applied on the cell as it grows, demonstrating that mechanical stresses are coupled to cell wall growth. We are able to account for our experimental results quantitatively using the combination of elasticity theory with the recently developed dislocation-mediated growth approach. We also repeated the experiments with Bacillus subtilis (unpublished results) finding precisely the same behavior -namely, a partial snapback pointing out to the coexistence of elastic and plastic deformations. This suggests that our results are not peculiar to E. coli or even to gram-negatives, and extend to gram-positive bacteria as well. It should be noted, however, that the mechanism which we describe here relies on the fact that growth occurs along the length of the cell, and for tip-growing bacteria such as Mycobacterium smegmatis we would only expect elastic deformations: since the tip is always stress free no differential growth would occur and the snapback should be complete.
There are a number of biological examples for which the force-transduction mechanism proposed here has important biological consequences. In the following we outline two such examples.
1. Regulation of cell shape. The turgor pressure results in mechanical tensile stresses, both in the circumferential direction and along the cell's long axis, with the stress in the circumferential direction being twice larger in magnitude and equal to p · r. These stresses can provide a mechanical cue for the growth machinery and help coordinate the insertion of circumferential glycan strands, a natural way to stabilize the cylindrical growth mode. 12 van Teeffelen, S., Wang, S., Furchtgott, L., Huang, K. C., Wingreen, N. S., Shaevitz, J. W., and Gitai, Z. The bacterial actin mreb rotates, and rotation depends on cell-wall assembly.
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[1], where the robustness of the growth was studied and the bacteria were constantly divided, here we suppress the division by regulating sulA, which is an SOS cell division inhibitor. We induce the expression of sulA via IPTG.
Upon filamentation, a single bacterium will fill the 25µm long channels, and upon further growth part of the bacterium will be exposed to the flow in the main chamber of the microfluidic device, see Figure 1 of the main text. In most experiments the flow was of LB broth, which was also used to supply the bacteria with nutrients, but we have also done the experiments using minimal and synthetic rich media. In section V B we will characterize the flow and calculate the resulting forces on the bacteria. The experimental protocol, to be shortly described, neccesitates a controlled flow, with a response time of several seconds at most. To achieve this, we use the hydrostatic pressure created by the height difference between the inlet and outlet to induce a flow through the device.
Using fluorescent beads, we have checked that upon changing the height difference the flow instantly changes, with subsecond response time.
B. Mapping the flow-field
The Reynolds number is low enough (∼ 10 −2 ) such that the flow is laminar. The bacteria reside very close to the surface, though, where the velocity vanishes, and for this reason it is important to accurately characterize the profile of the flow through the device.
In the experimental setup, the pressure on the device is controlled. For a given pressure difference, the flow through the device can be analytically expressed as an infinite series 2 . Figure 1a shows the theoretical expectation for the flow through a cross-section of the main channel.
We mapped the flow with spinning-disk confocal microscopy, using fluorescent beads with a diamater of 20nm and an exposure time of 2 ms. We extracted the velocity profile from the lengths of the tracks left by the beads. A comparison of the measurement and the theoretical expectations, with no fitting parameters, is shown in Figure 1b .
To estimate the drag force on a bacterium (per unit length), we use the exact solution for the viscous drag force (per unit length) on a cylinder residing on a surface 3 :
where r is the bacterium's radius and ∂v ∂z is the gradient of the velocity profile close to the surface far away from the cell, where the flow velocity is approximately linear in the height above the surface. In this configuration, the net lift on the cell due the flow can be shown to vanish, but there is a non-vanishing torque per unit length due to the flow 3 :
This torque leads to a non-vanishing σ xy component of the stress-tensor. This component, however, is not expected to couple to the cell wall growth and can therefore be neglected. Moreover, the resulting shear stresses obey σ xy 2πr 2 = τ f low , and are significantly smaller than the σ xx stress which we shall later calculate. Similarly, the σ xx due to the flow is also negligible. 
C. Microscopy and image analysis
We used a Nikon TI microscope, with fluorescence light provided by the Lumencore Spectra X arc lamp and 100X objective. We used the Nikon Perfect Focus system to maintain the cells in focus during the lengths of each measurement, which typically lasted for 30-60 minutes for each field-of-view. Phase contrast images were taken every 1 second, and fluorescent images with a YFP filter were taken every 20 seconds , in order to minimize the effects of phototoxicity (in the main text we show that exponential growth with the physiological growth rate is achieved for these conditions). For this reason exposure times were chosen as the minimal ones which provide good signal-to-noise (SNR) ratios. These were typically 100 ms for the phase contrast images and 20-40 ms for the florescent images.
We implemented an image processing algorithm to track the shape of the cell as a function of time, which was optimized for the purposes of our experiment. The phase contrast images were used to initially find the location of the end of the microchannel (not visible in the fluorescent images), manually. For the image processing, only the fluorescent channel images were used, due to their superior SNR (which was typically between 3-5 when comparing the center of the bacterium and the noise level). The algorithm is described in the following.
1. Starting at the end of the microfluidic channel, the position along the cell is followed, where at each running step we keep track of the direction of the local tangent to the cell. Initially, the tangent is pointing in the y direction, as shown in point A in 5. To find the tip of the bacteria, we define the noise level as the median of the intensity over the entire field-of-view, and in the previous tracking algorithm we demand that the average intensity over the search range should be greater than a threshold of SNR = 3.
6. When the signal goes below the threshold, implying we have reached the end of the bacterium, we fit a 4th order polynomial to the extracted shape, and used the smooth polynomial in order to calculate the contour length of the bacterium.
VI. THEORY OF THE ELASTIC DEFORMATIONS

A. Cells deformed under constant force per unit length
The Young modulus of peptidoglycan was estimated in Refs. [4, 5] to be of the order of Y = 3 · 10 7 N/m 2 . The thickness of the cell wall, h, is of the order of 2 − 4nm.
In a similar fashion to the usual derivation of the deformation of an elastic rod, we can calculate the elastic deformation of a hollow rod of thickness h r, subject to a constant force per unit length perpendicular to its axis of symmetry. This is equivalent to the problem of a rod being deformed under its own weight, with one fixed end and one free end, see [6] p. 81. We outline the details of the calculation, since part of the reasoning will also be relevant to the discussion of the irreversible deformations in section VII A. A key ingredient is the (geometric) connection between the local radius-of-curvature and the local strains. As illustrated in Figure 3 , for a given radius-of-curvature R(y) at a given point y along the cell, the strain on a smaller region of the outer part of the cell wall will be given by:
where dl = Rdϕ is the arc traversed by the centerline.
Here, we assume that the strains vanish for a straight cell, an assumption that will not hold when we will consider asymmetric insertions in section VII A. We also assumed that the strains are small, which does not imply that the deflections are small -for a R 2r cell with a large aspect ratio, one can have small strains throughout the cell leading to an overall large angular deflections. Typical deflections δ(y) calculated below are in the range r δ(y) l, where l is the protruding length of the bacterium. In the regime of linear elasticity, the strains are proportional to the stresses. The surrounding viscous flow creates primarily a σ yy component of the stress tensor within the cell wall (see Figure 1 of the main text for the definition of the coordinate system), which can be found from the condition that the torques created by them must compensate for the torque created by the external forces. We proceed to express the extra stress at a point with coordinate y along the centerline of the cell's long axis and azimuthal angle θ, in terms of the flow parameters (see Figure 4 for the definition of θ). Using the linear relation of stress and strain in a hollow rod 6 , we expect that for small deformations:
where R(y) is the local radius-of-curvature (not to be confused with the radius of the bacteria, r), and Y is the Young modulus of the cell wall. Upon balancing the torque induced by this stress with the external torque at position y, τ (y), we find that:
where I is the 'moment-of-inertia' of a cross section, which for our case is found to be I = πr 3 h (this result can also be obtained by differentiating the formula for a solid
. Y I is known as the flexural rigidity. For a constant force per unit length f we find that the stresses within the cell wall are:
This result should be multiplied by the thickness h if one is interested in the twodimensional stress. Indeed, one can check directly that the moments arising from these stresses at a cross section at point y are equal to the total moment due to the force f integrated along the segment [y, l]. Upon combining Eq. (6) with Eq. (4), the resulting curvature is given by:
We note from differential geometry that the radius-of-curvature can be expressed in terms of the horizontal deflection of the bacterium δ(y), as:
Upon neglecting the δ term in the denominator, valid for weak deflections, and focusing on the case of a constant force along the cell, we obtain a linear equation that can be readily integrated to give the resulting deflection of a point x along the cylinder. Under the assumption of a vanishing derivative at the end of the microchannel, we find that:
Thus, the maximal deflection δ max = δ(y = l) is given by: The previous analysis of the elastic deformations assumed a boundary condition with the cell fixed at the end of the microchannel, i.e., that the tangent to the cell centerline would be parallel to the microchannel there. However, looking at a typical cell (see for example Figure 5) shows that there can be a finite derivative δ (y = 0) = a there, due to the small mismatch between the cell diameter and the channel diameter at the end of the microchannel, which we denote by ∆.
We will find a by analysing the forces and torques, show that the assumption of a cell fixed at the microchannel end is an excellent one for the longer cells, and account for the deviations for the shorter cells.
The torque balance for the part of the cell outside the microchannel implies that y is still given by Eq. (7), and thus the shape of the cell is given by: where a is yet to be determined. For the part of the cell inside the microchannel, external forces F 1 and F 2 are only applied at two points, shown in Figure 5 . The derivative at the point where F 2 is applied vanishes (since the cell is tangent to the microchannel there), so the position of the centerline of the cell is given by the usual solution of a beam bent by an external force 6,7 :
where y = 0 corresponds to the end of the microchannel. We therefore have:
However, both F 2 and y 0 are unknown. We fix these quantities by considering the torques around the end of the microchannel:
Upon eliminating F 2 from Eqs. (13) and (14), we find that:
Hence:
Since the derivative at the end of the microchannel is continuous, we have:
For the case of a perfect match between the bacterium and the microchannel diameter (∆ = 0), the maximal deflection was given by:
The corrected maximal deflection will now be:
The correction is negligible for long enough cells, l ≥ (24Y I/f ) 1/4 , but becomes significant for short cells. It is also possible to take into account a non-uniform force per unit length outside the channel: in this case Eq. (12) has to be updated, and so would the form of the torque τ , but all of the other equations remain intact. Figure 2b in the main text uses these more general equations when accounting for the elastic deformations, taking into consideration the non-uniform force exerted on the cell by the flow.
C. The lack of torque due to turgor pressure
The turgor pressure creates no torques on the cell, and for this reason need not be taken into account throughput the analysis. To show this, consider an integral over the closed red cross sectional contour surface sketched in Figure 6 . The force and torque due to these forces must vanish, since the material inside is in mechanical equilibrium. In the analysis of cell wall deformations, one has to find the torque exerted on the cell wall by external forces. The contribution to this torque by the turgor pressure around point A, for example, is exactly that associated with the above contour, except for the missing additional torque associated with the flat surface inside the cell (denoted by the dashed line in the figure) . The forces there, however, give rise to a negligible torque, since they have no lever arm. We conclude that the torque due to turgor pressure around any point along the cell would vanish. The only effect of the pressure is thus to create large stresses σ xx and σ yy in the cell wall. 
VII. IRREVERSIBLE CELL WALL DEFORMATIONS
A. Estimating the magnitude of the plastic deformations
As the bacteria grow outward from the channels in the presence of fluid motion, the viscous flow induces stresses that make the growth faster on one side of a bacterium compared to the other 8 , in addition to the elastic bending effect. This asymmetry gives rise to an additional bending mechanism, which is irreversible, since it involves remodeling of the peptidoglycan mesh. We will estimate the resulting rate of bending due to this plastic effect, assuming that we are still in a regime where the bending is relatively small, so we can use the previous results for the flow around a straight cylinder, and for the forces on a slightly deformed rod. For simplicity of the analysis, let us start by assuming that the Young modulus is large enough such that elastic bending is negligible; we shall see that even for Y → ∞ the plastic bending is finite. In section VII B we will explain how the calculation can be extended to take both elastic and irreversible plastic deformations into account.
Consider a cross section of the bacterium, at a distance y away from the end of the microchannel, as illustrated in Figure 4 . The two-dimensional stress due to the turgor pressure p is independent of θ, and given by σ 0 yy = pr/2. Eq. (6) shows that the additional stress σ yy due to the viscous drag is positive for 0 < θ < π, corresponding to the stretched part of the rod, and negative otherwise. The maximal relative change in the stress occurs at the points θ = ±π/2, at y = 0 (corresponding to the end of the microchannel) and equals:
Upon inserting the numbers for a relatively long filamentous bacterium of length 10µm, we find a ratio of order unity. Thus, the flow can induce significant changes in the stress, for long cells.
We shall now invoke the formalism of dislocation-mediated growth developed in
Ref. [8] , which hinges on the fact that new material is inserted circumferentially via the rotating strand-extension centres. The σ yy stress induces a Peach-Koehler force on an edge dislocation with a Burgers vector in the y direction, acting in a tangential direction (in the xz plane), F = bσ yy . This force acts in addition to the always positive stress σ 0 yy due to turgor pressure. As illustrated in Figure 5 of the main text, the non-uniform stress distribution can couple to the dislocations motion and hence affect the growth.
This coupling can come about via two different mechanisms:
1. Dislocations may move faster (slower) due to the additional tensile (compressive) stress. This process will only be effective if the dislocation processivity is not too long (compared to the cell circumference): for long processivities full hoops will be inserted and the non-uniform dislocation velocity will not lead to differential growth.
2. The barrier for nucleation of new dislocations can be lowered, hence leading to a higher (lower) density of dislocations on the side of tensile (compressive) stress.
Both of these effects act in the same direction, namely, tensile stress enhances growth while compressive stresses inhibit it. Under the assumption that the additional stresses are small compared to that due to turgor pressure, we can Taylor expand the dependence of local growth rate on stress, and find:
where the coefficient α multiplying the excess stress σ yy due to bending is expected to be of order unity. Upon inserting the additional stress when a force f per unit length is exerted on the cell, we find that:
(where we take y = l/2).
This differential growth, accumulated over time, will turn out to give a nonnegligible plastic deflection even when ∆g/g 1, due to the large aspect ratio of the filamentous bacterium. The bending of the cell will be such that the additional strains corresponding to the bending will compensate those due to the differential growth: locally, the ratio of arcs dl 2 /dl 1 in Figure 3 should correspond to the relative amount of material incorporated into the cell wall. Let us denote the integrated differential growth arising Eq. (22) by ∆l, in consistence with Eq. (4) of the main text. The radius-of-curvature R resulting from the differential grows (see Figure 3 ) obeys:
leading to a curvature κ ≡ 1/R = 1 2r
∆l/dl. The angle dϕ resulting from this differential growth obeys Rdϕ = dl, hence:
Indeed, we find that the relative growth asymmetry of ∆l/dl is enhanced by the geometrical factor of dl 2r
. For a long cell with a constant differential growth, this factor would correspond to half the aspect ratio. Note, however, that this argument gives the local curvature due to differential growth, which in our experiments is non-constant along the length of the cell. These results can be also obtained via differential geometry, by considering the Gaussian curvature associated with the non-uniform metric due to differential growth 9 .
We thus expect that as the bacterium grows to length l, the angle associated with the plastic bending (as long as it is small) should scale as:
Upon comparing this angle to that of Eq. (10), we find that the relative importance of the elastic and plastic deformations depends on the dimensionless parameter:
For large enough Y , the plastic effect dominates over the elastic one. With estimated values for E. coli, we find that χ is of order unity, implying that elastic and plastic effects are of the same order of magnitude. Thus, one has to solve the coupled problem, without separating the discussion into an elastic and plastic part, as we did so far. For bacteria with stiffer cell walls, we expect the plastic effect to dominate over the elastic one.
Finally, we note that when going from Eq. (22), giving the instantanous relative growth, to the integrated asymmetry ∆l, one should also take into account the effect of a finite processivity, which in the absence of differential growth would lead to an exponential decay of the curvature 10 . The accumulated relative differential growth ρ ≡ ∆l/dl obeys:
where λ is the growth rate (i.e., the doubling time equals t d = log(2)/λ), the first term corresponds to the "dilution" effect due to the finite procreativity (taken as infinite in the above equation, for simplicity), and the second term corresponds to Eq. (21).
B. Shape of a plastically deformed cell
We have shown above that filamentous bacteria will have significant elastic as well as irreversible bending at a length 10 − 20µm. In this section we explain how both of the effects can be quantitatively combined to calculate the shape of the cell at a given point.
For the elastic effect, the radius-of-curvature at a given point is proportional to the strain at that point, as was illustrated in Figure 3 . For the irreversible effect, it is proportional to the non-uniformity in insertion rates on the two sides of the bacterium (relative to the flow direction). Since both effects turn out to be of the same order-ofmagnitude for the experimentally relevant case, we have to consider both contributions.
Upon repeating the previous arguments, we find that:
i.e., the curvature is the sum of the elastic (reverible) and growth-induced (irreversible)
contributions. The elastic contribution is given by Eq. (5):
where τ (y) is the torque due to the flow, while the growth-related contribution is given by Eq. (23):
We can now quantitatively analyze the experimental scenario: at every point in time we calculate the resulting torque τ due to the flow. This torque gives rise to an elastic curvature (as quantified in Eq. (29)), which is an instantaneous effect. It will also
give rise to a non-uniform insertion rate, which, integrated over time (see Eq. (27)), will
give rise to the irreversible component of the curvature (as quantified in Eq. (30)). Note that a given point on the cell elongates exponentially in time, and that when calculating the accumulated asymmetry ∆l dl at a given point we have to follow the path of the point over time, and integrate the contribution of the stresses at different points in space and time, associated with the "history" of that part of the cell wall. For example, the part of the bacterium which is close to the end of the side channels had no stress on it while it was in the channel, and for this reason accumulated no asymmetry: it will have no radius-of-curvature associated with the irreversible effect. It will have, however, the maximal radius-of-curvature associated with the elastic contribution, since the torque at that point is maximal. Figure 7 shows the relative contributions of both effects, for realistic experimental parameters. To generate Figure 3b of the main text, we made a numerical simulation, taking α in Eq. (21) as a fitting parameter. We found that α ≈ 5 gives a good agreement with the data. The plastic effect, on the other hand, relies on accumulation of differential growth over time, and therefore vanishes both at the stress-free tip and at the end of the microfluidic channel, which contains "fresh" cell wall with no asymmetry, having just come out of the microfluidic channel. * Electronic address: arielamir@physics.harvard.edu or suckjoon.jun@gmail.com
